Solvent and substituent e †ects on the competition between internal conversion and triplet formation were studied systematically for aminoÑuorenones and their N-methylated derivatives. Intersystem crossing (ISC) was found to be the dominant process for the singlet excited 1-amino-and 1-methylaminoÑuorenone in all solvents. The short Ñuorescence decay time of these compounds does not originate from intramolecular hydrogen bonding induced internal conversion but it is due to the fast triplet formation. Rather slow s~1) and solvent insensitive intersystem crossing characterizes the photophysical behavior of (k ISC O 4.8 ] 107 2-, 3-and 4-aminoÑuorenones but their internal conversion rate strongly increases with solvent polarity. The change of the internal conversion rate constants with molecular structure and solvent can be rationalized in terms of the energy gap law.
Introduction
One of the greatest challenges in photophysical research is to relate the luminescence properties to molecular structure. The photophysical properties of Ñuorenone derivatives have received widespread interest for decades because their Ñuores-cent behavior1h4 as well as the quantum yields of their photophysical process5h7 are very sensitive to solvent polarity, substitution8 and temperature change.9,10 3-AminoÑuorenone was successfully utilized to establish a polarity scale for electrolyte solutions in organic media,11,12 whereas the unsubstituted singlet excited Ñuorenone was shown to be a unique molecular probe which is able to distinguish between the hydrogen bonding interaction with its microenvironment and the e †ect of bulk polarity. 13, 14 Recent work demonstrated that Ñuorenones are excellent model compounds for the study of the intermolecular hydrogen bonding induced deactivation and revealed the major details of the excited state quenching processes.15h18 However, it is still not clear if intramolecular hydrogen bonding inÑuences the photophysical processes occurring from the singlet excited state of 1-aminoÑuorenone. The Ñuo-rescent characteristics of this compound exhibit a peculiar solvent dependence. 19 The nonradiative rate constant decreases with increasing solvent polarity and is lower in protic solvents than in aprotics. To rationalize these observations Moog et al. concluded that intramolecular hydrogen bonding between the NÈH and the carbonyl oxygen in the excited state of 1-aminoÑuorenone results in a more efficient deactivation pathway than the intermolecular hydrogen bonding with alcohols. 19 As an extension of this work, Thompson et al. proposed that the electrolyte e †ect on the photophysical properties of 1-aminoÑuorenone can be attributed to the disruption of the intramolecular hydrogen bond by the cations.20 A recent systematic study on the four structural isomers of aminoÑuorenones and their N-methylated ¤ Present address : Osaka University, Department of Chemistry, 3-3-138 Sugimoto, Sumiyoshi, 558-8585 Osaka, Japan.
derivatives, however, indicated that intramolecular hydrogen bonding may not control the Ñuorescent behavior of 1-aminoÑuorenones. 21 The main goal of the present paper is to obtain deeper insight into the major factors governing the rate of nonradiative deactivation. Special attention is paid to the role of intersystem crossing in the energy dissipation process. We study the e †ect of the solventÈsolute interaction and the substitution at the di †erent sites of the molecule on the rate of internal conversion and triplet formation. In addition, we examine how the variation of molecular structure inÑuences the phosphorescence and the energy of the lowest triplet state. The formulas of the investigated compounds are presented in Fig. 1 .
Experimental
AminoÑuorenone derivatives were obtained from sources described in a previous publication.21 HPLC grade solvents (Merck) were used without further puriÐcation. Samples were deoxygenated using freezeÈpumpÈthaw cycles and then were sealed under vacuum. TripletÈtriplet absorption measurements and quantum yield determinations were carried out by XeCl excimer laser Ñash photolysis technique as previously described.10,18 Fluorescence and phosphorescence measurements were made on a Hitachi F-4010 spectrometer. Fluorescence lifetimes were measured with an Applied Photophysics SP-3 time-correlated single-photon counting apparatus. Further experimental details have already been reported.18, 21 3. Results and discussion
Triplet spectra
Laser Ñash photolysis of aminoÑuorenones in toluene gave a short-lived species with absorption built up within the duration of the laser pulse. The transient decayed on the microsecond time scale. Triplet absorption spectra, recorded after the complete decay of the Ñuorescence signal, are presented in Fig. 2 for three aminoÑuorenone isomers in toluene. The spectra are not corrected for the ground state absorption. In the case of 2-aminoÑuorenone, measurable signal was obtained only in less polar solvents than toluene, therefore, the transient absorption spectrum for that compound is given in hexane. These spectra were assigned to tripletÈtriplet absorption based on the following arguments : (i) in the presence of oxygen the transients were quenched ; (ii) addition of perylene shortened the decay time of the transient and concomitant formation of triplet perylene was observed (vide infra).
Comparing the spectra, it is apparent that the tripletÈtriplet absorption spectrum of the 1-amino derivative is entirely different from that of the other structural isomers. In the former case, signiÐcant bleaching can be observed in the 400È445 nm spectral range, which corresponds to the strong visible band in the ground state absorption spectrum. However, no bleaching occurs for the rest of the compounds because the molar absorption coefficient of the ground state in the Ðrst absorption band is signiÐcantly lower.21 Methylation of the amino group does not a †ect signiÐcantly the shape of the tripletÈ triplet absorption spectra, however, it reduces the extent of transient absorption. A particularly large decrease is found in the case of 1-substituted compounds, where the dimethyl- amino derivative does not show any tripletÈtriplet absorption at 295 K.
Phosphorescence spectra
No emission from triplet Ñuorenones can be detected at room temperature. However, 1-and 3-aminoÑuorenones phosphoresce in rigid organic glasses. Fig. 3 present phosphorescence, Ñuorescence and excitation spectra for 1AF and 3AF in 2-methyltetrahydrofuran at 77 K. The spectra of the methylated derivatives are similar to those plotted in Fig. 3 . As it is expected, the excitation spectra of the phosphorescence agree with those of the Ñuorescence and correspond to the absorption spectra. The shape of the phosphorescence bands is totally di †erent from the structured emission of triplet 2-nitroÑuorenone, which has a well-established np* character,18 indicating that the lowest triplet states of aminoÑuorenones are pp* type. The estimated energy di †erences between the vibrational peaks (*l) of the latter compounds are somewhat lower than the *l \ 1400 cm~1 value reported for the unsubstituted Ñuorenone.22 Table 1 shows that the introduction of the amino and the methylated amino substituents diminishes the 0È0 transition energy of Ñuorescence (E(0È0)) to a larger extent than that of phosphorescence. Hence, the energy gap between the Ðrst peak of Ñuorescence and phosphorescence (*E) becomes smaller for aminoÑuorenones compared with Ñuorenone. The phosphorescence decays can be fairly well Ðtted by assuming Ðrst-order kinetics and the lifetimes are in the ms range. Attempts to observe phosphor-(q P ) escence for 2-and 4-aminoÑuorenones failed owing to the low quantum yield (\5 ] 10~4). The rate constant of phosphorescence is probably very low in these compounds, analogously to that suggested for Ñuorenone.4
Energy transfer to perylene
The addition of increasing amounts (5 ] 10~5È2 ] 10~4 M) of perylene gradually shortened the lifetime of triplet aminoÑuorenones, and the growing in of the well-established absorption of triplet perylene at 490 nm23 was observed. The build-up time of the triplet perylene matched the decay time of triplet aminoÑuorenone and the rate of the energy transfer was di †usion controlled M~1 s~1). In accord-(k q
[ 3 ] 109 ance with the results achieved by phosphorescence spectroscopy (vide supra), this observation indicates that the triplet energy for aminoÑuorenones is higher than that of perylene (12 373 cm~1 B 148 kJ mol~1).23 The efficient triplet sensitization of perylene was exploited to determine the triplet yield of aminoÑuorenones. A concentration of perylene of 2 ] 10~4 M ensured that more than 95% of the triplet energy donors transferred their energy to perylene. The triplet yields were attained from the triplet (U ISC ) perylene absorbance at 490 nm in the solution of aminoÑuorenones (A) relative to that in the reference solution (A ref ) which had matched optical density at the laser wavelength (308 nm).
Because of the low molar absorption coefficient of perylene in the ground state at 308 nm and the very low triplet yield an almost negligible amount of triplet pery-(U ISC \ 0.014),23 lene was formed via direct excitation. The very small transient absorption arising from the direct excitation of perylene was measured in the absence of sensitizer and it was subtracted from the signals obtained in solutions containing sensitizer. To avoid the error arising from the solvent dependence of the molar absorption coefficient of triplet perylene, both the reference and the compound with unknown triplet yield were measured in the same solvent. Table 2 summarizes the yield of transitions depopulating the singlet excited state of aminoÑuorenone derivatives, whereas the Ñuorescence lifetimes are given in Table 3 . The Ñuores-(q F ) cence yields and lifetimes are in good agreement with the (U F ) published values. 21 The small di †erences arise from the fact that the previously reported data were obtained in aerated solutions. To eliminate the e †ect of oxygen, and were U F q F re-measured in degassed samples for the present work.
Yields of radiationless processes
The internal conversion yield was derived from the (U IC ) measured Ñuorescence and triplet yields (U ISC ) :
The solvents were chosen to include non-polar, polar aprotic and polar hydrogen bonding media. It is evident from the data in Table 2 that the photophysical properties of 1AF and 1MAF are entirely di †erent from those of the other compounds. In the latter cases, the internal conversion is an important deactivation process in toluene and plays an increasing role in polar aprotic solvent, whereas both the Ñuo-rescence and intersystem crossing yields become negligible in hydrogen bonding media such as ethanol. However, triplet formation prevails for 1AF and 1MAF, independently of the solvent. Our results do not support the interpretation of the experimental data published previously in the literature11,19 where it was suggested that intramolecular hydrogenbonding-induced deactivation determined the photophysical behavior of 1AF. Since we Ðnd that triplet formation is the Table 2 Quantum yield of processes depopulating the singlet excited state in various solvents at 295 K Toluene Acetonitrile Ethanol dominant transition from the singlet excited state, energy dissipation via intramolecular hydrogen bonding can not be a signiÐcant process.
Rate constants of triplet formation
To reveal how the molecular structure variation a †ects the competition between the nonradiative energy dissipation channels, the rate constants for intersystem crossing and (k ISC ) internal conversion were derived using the expressions (k IC ) given below : Table 3 demonstrates that the short Ñuorescence lifetime (q F ) of 1AF and 1MAF is attributed to the fast intersystem crossing whose rate is about one order of magnitude higher than that of the other aminoÑuorenones. The and values q F k ISC exhibit opposite solvent dependence which indicates that the increase of the 1AF Ñuorescence lifetime with increasing solvent polarity results from the decrease of the rate constant of triplet formation. This solvent e †ect and the much higher for 1AF and 1MAF compared with that of the other k ISC aminoÑuorenones can be rationalized by considering the results obtained in previous studies3,9 of the photophysics of Ñuorenone. It was shown that the intersystem crossing from the lowest excited singlet state of Ñuorenone occurs via two processes : a thermally activated transition to the adjacent state and a temperature independent transition to the T n (np*) low-lying and states.9 We Ðnd that the photo-T 1 (pp*) T 2 (pp*) physical characteristics of aminoÑuorenones do not show signiÐcant temperature dependence. For example, the Ñuorescence lifetimes at 217 K (1.6, 13.6 and 11.8 ns for 1AF, 3AF and 4AF, respectively) were very close to the values obtained at room temperature (Table 3 ). This indicates that triplet formation does not undergo via a thermally enhanced process. Electron donating substituents are S 1 (pp*) ] T n (np*) known to lower pp* and raise np* transition energies,25 thus the introduction of and groups into the Ñuo-ÈNH 2 ÈNHCH 3 renone moiety increases the energy di †erence. S 1 (pp*)ÈT n (np*) As a result of that, the energy gap becomes so S 1 (pp*)ÈT n (np*) large that thermal activation is not able (around room temperature) to bring about the transition between these states. Consequently, triplet formation can occur only via temperature independent transitions to lower-lying triplet states.
Theoretical calculations26 have shown that only one pp* triplet state has lower energy than that of the lowest excited singlet state for 2AF and 4AF ; however, both the and T 1 (pp*) states are located below the state for 3AF. It T 2 (pp*) S 1 (nn*) is especially noteworthy that, for 1AF, a third pp* state appears below the energy of the lowest excited singlet state but in its immediate vicinity. The rapid intersystem crossing for 1AF and 1MAF probably arises from the efficient interaction between the close-lying and states. The S 1 (pp*) T 3 (pp*) solvent e †ect on the of 1AF indicates that mixing between k ISC the adjacent and states may play an important S 1 (pp*) S 2 (np*) role as well. It is well established that the two lowest excited singlet states of Ñuorenone are in close proximity3 and the relative position of these states exerts a profound e †ect on the intersystem crossing rate.10 Since the energy is similar for S 1 1AF and Ñuorenone,21 the state of 1AF probably S 2 (np*) remains in the vicinity of state in non-polar solvents S 1 (pp*) and the mixing between these states can promote the fast intersystem crossing. Going to more polar media enlarges the energy gap and, thereby, diminishes the spinÈ S 1 (pp*)ÈS 2 (np*) orbit coupling with triplet pp* states. This e †ect explains the continuous decrease of with increasing solvent polarity for k ISC 1AF (Table 3) . Methylation of the amino-group shifts the level toward lower energies and expands the S 1 (pp*) energy gap so much that no mixing can S 1 (pp*)ÈS 2 (np*) occur. Therefore, the rate constant of triplet 1MAF formation does not depend on the solvent.
Intersystem crossing rate constants of 2-, 3-and 4-aminoÑuorenones are much smaller and do not vary signiÐ-cantly with molecular structure and solvent. These facts can be rationalized based on the results of our semiempirical calculations (vide supra). Since no triplet state is located in the neighborhood of the lowest excited singlet state in these com-pounds, the larger SÈT energy gap leads to slower triplet formation.
Rate constants of internal conversion
We have recently shown18 that the variation of the internal conversion rate constant for various 2-substituted Ñuo-(k IC ) renone derivatives can be rationalized in terms of the energy gap law which is expressed in quantitative form by the equation27,28
where c \ ln
B [ 1 *E represents the energy gap between the excited and ground electronic states, C is the electronic coupling matrix element ; is the energy of the accepting vibrational mode that has d hu M degeneracy and reduced displacement. The term c is con-D M 2 sidered a constant because it is a weakly varying function of *E.
The values listed in Table 3 exhibit considerable change k IC with molecular structure and solvent polarity. Fig. 4 presents the plot of the logarithm of the internal conversion rate constants in toluene against the energy of the lowest excited singlet states
The open circles represent the data for (E(S 1 )). 2-substituted Ñuorenones taken from our previous paper,18 whereas Ðlled circles display the results of this work. The k IC values for 1AF, 1MAF, 3AF, 3MAF and 3DMAF Ðt well to the linear correlation found for 2-substituted Ñuorenones. This indicates that the deactivation of these compounds from the state probably takes place via a common dominant accept-S 1 ing vibrational mode. However, the internal conversion is slower for 4AF, 4MAF, 4DMAF and faster for 1DMAF than is predicted by the energy gap law. The deviation suggests that the electronic coupling matrix element (C in eqn. (5)) and the major energy dissipating vibrations (i.e., of these derivhu M ) atives di †er from those of the other Ñuorenones. The rapid internal conversion of 1DMA is probably related to the torsion of the dimethylamino substituent. Semiempirical calculations21 showed that the methyl groups are only slightly tilted relative to the plane of the Ñuorenone skeleton in the ground state but they favor perpendicular conformation in the state. This suggests that rotation of the moiety is S 1 (CH 3 ) 2 NÈ involved in the deactivation of the excited state. The fact that phosphorescence can be detected at 77 K in spite of the negligible triplet yield at room temperature also strongly supports the involvement of the rotation of the dimethylamino group in the internal conversion. The blocking of the substituent 
(ln(C2(2n)1@2)/h(*E hu M )1@2 \ of the straight line shown in Fig. 4 (Table 3) can be explained in terms of the energy gap law. The change of dipole moment upon excitation to the lowest excited singlet state is relatively small (*k \ 3.5 D for 1AF)19 for 1-substituted derivatives, hence, the interaction with the solvents slightly inÑuences the excited state energy. The third column in Table 3 shows that of E(S 1 ) 1-aminoÑuorenones is only ca. 300È500 cm~1 lower in acetonitrile than in toluene, whereas a much larger (1000È1300 cm~1) change is seen for the rest of the compounds. In the former case the small solvent e †ect on the excited state energy results in a slight change in the internal conversion rates. However, interaction with polar solvents, such as acetonitrile, decreases the singlet excited state energy of 2-, 3-and 4-aminoÑuorenones to a larger extent and the vibrational coupling enhancement caused thereby leads to a substantial increase in k IC . Finally, we should comment on the e †ect of ethanol upon the yield of internal conversion (Table 2 ). Internal conversion of the aminoÑuorenones substituted in the 2-, 3-and 4-position is accelerated in ethanol insomuch that it becomes the prevailing process depopulating the singlet excited state. However, in the cases of 1AF and 1MAF, ethanol has little impact on (Table 3) and triplet formation remains the k IC dominant photophysical process ( Table 2 ). The characteristic di †erence in the behavior of these groups of compounds originates from the dissimilar excited state dipole moments. The dipole moment changes upon excitation to the state (*k) S 1 are 3. 
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OOC-Ñuorenone for for 1AF, 3AF, 4AF and 2AF, 2-CF 3 CONH-Ñuorenone)18 respectively. The large *k values for the latter three compounds indicate that the conjugation of the lone electron pair of the nitrogen leads to a more pronounced charge shift toward the carbonyl group. The increase of the negative charge density on the carbonyl oxygen promotes hydrogen bonding. Since the vibrations associated with hydrogen bonding can act as e †ective accepting modes in the radiationless deactivation,30 the strengthening of the hydrogen bond with ethanol results in a higher internal conversion rate. In contrast, the singlet excited state of 1AF and 1MAF have smaller charge transfer character ; hence, the relatively low electron density on the carbonyl oxygen permits weak hydrogen bonding. Therefore, going from aprotic to protic solvents does not a †ect signiÐcantly the internal conversion rate of these two compounds.
